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Selective harvest of the largest individuals may add a strong and temporally consistent 23 directional component to the natural selective forces shaping adaptive landscapes (1). 24
Theory predicts that such consistent selection should induce life history evolution (2-4). 25
Accordingly, recent studies in nature indicate a correlation between increased harvest 26 pressure and phenotypic changes in plants (5) and vertebrates (6). Harvest-induced 27 phenotypic changes have been studied extensively in fisheries, where harvest is often 28 associated with decreased somatic growth and/or decreased age and size at maturity (7-29 9). Under laboratory conditions, artificial selection against large size has been shown to 30 induce rapid evolution towards slower growth (10), and to promote genetically-based 31 reductions in fecundity, larval viability, and foraging efficiency (11). These harvest-32 induced changes are generally considered maladaptive (11), because harvest and natural 33 selection can act in different directions (1). However, to date, no study has examined the 34 relative contributions of harvest and natural selection in driving trait changes in wild, 35 harvested populations. We performed this task in pike (Esox lucius) from Windermere 36 (UK). This system is particularly well-suited for this endeavor because we have 37 previously demonstrated that natural and fishery selection act in opposite directions on 38
Windermere pike body size (1). 39
Windermere is a glacial valley lake divided by shallows into two basins of 40 different productivity and constituting different habitats for pike (12, 13) (Fig. 1A) . 41
Commercial net fisheries for several species including pike have operated on 42
Windermere since the 12 th century but were terminated in 1921 due to heavy fishing 43 problems (13). Le Cren (13) suggested that, by 1939, the fish population of Windermere 44 consisted mainly of a dense population of perch (Perca fluviatilis) and a moderate 45 population of pike feeding mostly on perch and, to a lesser degree, charr (Salvelinusfor the 1944-1995 period, separately for each basin as well as separately for young (age 72 = 2) and old individuals (age > 2) (17). 73 Natural and harvest selection have been previously quantified for the 74
Windermere pike population through an estimation of the strength, direction, and form 75 (directional, nonlinear) of the two selective forces (1). This earlier work demonstrated 76 that harvest and natural selection often acted in opposite directions on pike body length 77
(1). In particular, directional natural selection tended to favor long pike whereas the 78 fishery targeted long individuals. Moreover, nonlinear natural selection tended to be 79 stabilizing in Windermere, favoring pike of intermediate lengths, whereas fishery 80 selection tended to be disruptive, favoring short and long pike (1). Large pike 81 presumably have an advantage over small pike in terms of natural selection in that they 82
are not susceptible to cannibalism, which can be severe in pike (18). Moreover, large 83 pike likely have an advantage in terms of intrasexual combat for females during the 84 breeding season (18). 85
The context for selection in Windermere changed across the five decades of 86 study. From 1944 to 1995, pike numbers increased while perch numbers declined over 87 the same period (Fig. 1B) , likely resulting in increased agonistic interactions and 88 cannibalism within the pike population. Consistent with this view, selection analyses 89 indicate that stabilizing selection acting on Windermere pike body length overall 90 strengthened through time (1) (i.e., that natural selection favoring fast somatic growth to 91 reach the optimum length has increased). However, natural selection often fluctuates in 92 connection with severe environmental variations (19). In Windermere, collapse of the 93 perch population due to a disease outbreak in 1976 (20) was likely the most severe 94 environmental disturbance experienced by pike across the entire time series (Fig. 1B) .
ignoring fishery selection, we hypothesized that natural selection would drive an 97 increase in pike somatic growth across the study period, except when the perch 98 population collapsed in 1976. However, we also expected the fishery to simultaneously 99 operate in the opposite direction and consistently drive decreased growth, but with a 100 lesser effect when fishing intensity was reduced. Finally, if natural selection drove 101 evolutionary change towards faster somatic growth, we would also expect a concurrent 102 reduction in reproductive investment due to the trade-off between growth and 103 reproduction (2, 3). 104
To test these hypotheses in a robust framework, we used mixed-effects models 105
( (22), see also Materials and methods for an extensive description of our models). In 106 these models we have taken into account the many possible environmental variables 107 (i.e., basin productivity, water temperature, pike numbers, and prey density) known to 108 plastically affect somatic growth (e.g., increased abundance may reduce growth through 109 a density-dependent food limitation). Additionally, because reproductive decisions are 110 also functions of surplus energy gained prior to spawning (23), we have taken into 111 account the effect of somatic body condition (hereafter "fatness") in estimating changes 112 in individual reproductive investment (see Materials and methods). By considering the 113 potential effects of harvest selection and natural selection, we demonstrate that both 114 selective forces played a role in driving trait changes in Windermere pike across five 115 decades. 116
Results

118
We first tested for an overall change in pike somatic growth across the entire time series 119 by modeling the linear effect of time on individual lifetime growth (asymptotic length, 120 see Materials and methods). We found that pike somatic growth increased significantlyover the 1944-1995 period (Table 1) Overall, this nonlinear trend confirms that fishery and natural selection were 151 operating simultaneously in opposite directions (1) and also supports the prediction that 152 pike somatic growth variation responded to the dominant selective force. Fishery 153 selection was overwhelmed by natural selection during the early 1960's (leading to the 154 change from phase 1 to phase 2). Additionally, females grew faster than males overall, 155
and increased their growth rates at a faster rate than males over the study period (Table  156 1). This later result indicates that, as faster growers, females experienced stronger 157 fishery selection than males, and thus benefited more from the relaxation in the fishing 158 pressure later in the time series. Finally, pike grew significantly faster in the more 159 productive south basin compared to the less productive north basin (Table 1) . 160
Concurrent with the increase in somatic growth after the early 1960's, we found 161 that young -but not old -female pike reduced their reproductive investment (Fig. 2 , 162 Table 1 ), providing support for our third hypothesis of a trade-off between growth and 163 reproduction in Windermere pike. Indeed, the age-specific intercept of the reproductive 164 investment/length reaction norm decreased significantly for gonad-weight and egg-165 number, but not egg-weight (Fig. 2 , Year effect in Table 1 ). Egg-weight is positively 166 correlated to offspring size, and competition is predicted to favor large egg-size (3). 167
Hence, maintenance of egg-weight despite decreased investment suggests increased 168 competition in young pike in connection with increased pike density. At the same time, 169 the age-specific slope of the investment/length reaction norm increased, indicating thatLength*Year interaction was statistically significant for gonad-weight and egg-number 172 but not egg-weight (Table 1) . In contrast, at any given length, the age at which 173 investment occurred (Age*Year interaction) increased significantly for egg-weight only 174 (Table 1) . Finally, the magnitude of the aforementioned changes in investment 175 decreased significantly with the age for both gonad-weight and egg-weight (Fig. 2,  176 Length*Year*Age interaction in Table 1 ). In order to determine whether this 177 Length*Year*Age effect was related to age-specific differences in the relaxation of 178 fishery selection after the early 1960's, we calculated age-specific mean fishery 179 selection differentials for females at each age (see Materials and methods). We found 180 that fishery selection decreased with increasing age, and was substantial on age 3 181 females only (Fig. 2) , supporting the view that reduced reproductive investment was not 182 only a response to strengthening natural selection but also related to increased life 183 expectancy. Finally, somatic body condition had a positive effect on investment 184 (significant on gonad-weight and egg-number, Table 1 high enough to cause substantial evolution in a few generations (25). However, due to 218 the very detailed data used here we probably also observed direct effects of the fishery 219 (i.e., direct removal of fast growing genotypes). Indeed, the slowest growth occurred inthat were born from parents that were strongly fished and that were themselves strongly 222 Windermere pike (i.e., selection pushing the population towards the newly emerging 226 adaptive peak). They suggested that this was possibly due to the fact that pike quickly 227 attained equilibrium after fishing effort dwindled (1)
We show that a rapid shift towards fast growth following decreased fishing 230 pressure was accompanied by a reduction in reproductive investment in young and 231 small females. This result strongly supports the prediction of a genetic trade-off 232 between growth and reproduction in Windermere pike (2, 3). Importantly, we have 233 accounted for the plastic effect of short-term variations in growth conditions in our 234 reaction norm approach. Indeed, in teleosts plasticity in reproductive decisions is 235 affected by the rate of surplus energy gained during critical periods (23). In Windermere 236 pike, energy used for reproduction in March and April is gained during the previous 237 summer (15). We have here estimated surplus energy gained during previous summer as 238 the somatic body condition (fatness) at capture, and we show that condition had a 239 positive effect on investment. After accounting for this plastic effect, we found that 240 investment at each reproduction decreased while the length at which investment 241 occurred increased. We further show that the age-specific amplitude of this later change 242 paralleled with the age-specific strength of fishing selection, suggesting that investment 243 change was partly a response to relaxation in the fishing pressure. Hence, our results 244 provide further support for previous research, which suggested that fisheries may induce 245 genetic change in the energy allocation rules to growth and reproduction in fishpopulations (2, 4). Instead of investing in gonads early in life and at a small size due to 247 fishery-induced mortality, Windermere female pike now grow first to increase fitness 248 through the achievement of a larger size. 249
Our data suggest that up-to-1963 exploitation rates of 1.1 to 7.3 % (mean = 3.3 250 %) were enough to impede the effects of natural selection in Windermere pike and even 251 cause detectable evolution in the opposite direction. It is thus highly probable that 252 commercial harvest, that may deplete 45 to 99 % of the reproductive biomass (26), may 253 cause rapid evolution in commercial fish stocks. Temporal consistency of harvest 254 practices (e.g., systematic removal of the largest individuals) likely magnifies the 255 evolutionary impacts of exploitation. Introducing variety in harvest practices could limit 256 the amplitude of harvest-induced trait changes. However, our results point out that 257 knowing the intensity and direction of artificial selection is not always enough to predict 258 the response of populations to harvest. Instead, trait changes result from the combined 259 forces of both the harvest and natural selection, and evolution of harvested populations 260 is thus a process more complex than generally portrayed. Conservation plans that ignore 261 this complexity could lead to improper management decisions. 262
Materials and methods 264
Growth modeling 265
We have tested for linear change in growth during the 1944-1995 period using a 266 nonlinear mixed-effects model (random grouping factor n = 13,942 individuals, n = 267 65,123 observations). This model was based on the von Bertalanffy growth curve 268 
Reproductive investment modeling 316
We have tested for temporal changes in the slope and intercept of the reproductive 317 investment/body length reaction norm of females born from 1963 to 1995 using linear 318 mixed-effects models including the full interaction between length, age, and time as 319 continuous variables (random grouping factor n = 41 years, n = 3,070 observations). The M effect on egg-number was not significant and was thus omitted from egg-number 337 modeling. Estimates of the main effects of lnL, A and Y (Table 1) Table 1)  432 indicates decreased investment at any age and length. Concurrent increase in the slope 433 of the investment/body length reaction norm (Length*Year interaction in Table 1 ) 434
indicates that investment now occurs at a larger size. The magnitude of these changes 
